The Gokurakudaira Formation, which has a north-south zonal distribution within a latest Jurassic greenstone belt in Hokkaido Island, Japan, constitutes the uppermost ultramafic-mafic unit of the Horokanai Ophiolite. The following three different hypotheses on the origin of the ophiolite have been proposed: 1) a mid-oceanic ridge; 2) an oceanic plateau; and 3) an island arc.
Introduction
The tectonic setting of many ophiolites has long been argued, and since Miyashiro (1973) many agree then have affinities with island arcs rather than mid-oceanic ridges. However, the recent discovery of huge greenstone bodies raises the possibility of an origin as oceanic plateaus associated with superplume activity (Hauff et al., 2000; Kimura et al., 1994; Reynaud et al., 1999) .
In the axial zone of Hokkaido, the northernmost island of Japan, there is a north-south trending upper Jurassic greenstone belt named the Gokurakudaira Formation (Takashima et al., 2001) , the lowermost unit of the Sorachi Group (Figs. 1, 2). The greenstone belt is more than 400 km long, and 30 km wide. The Gokurakudaira Formation also constitutes the uppermost ultramafic-mafic unit of the Horokanai Ophiolite (Fig. 2) . The tectonic setting of the Horokanai Ophiolite is controversial. It was first thought to be a remnant oceanic crust, because the Gokurakudaira Formation greenstones are broadly similar to Mid-Ocean Ridge Basalts (MORB) (Ishizuka, 1980 (Ishizuka, , 1981 (Ishizuka, , 1985 Kiminami, 1986; Niida, 1992) . From more detailed investigations of the petrology, mineralogy and metamorphism in the last decade, Kimura et al. (1994) proposed that the ophiolite represents an accreted Jurassic oceanic plateau, and Arai (1995), Maruyama et al. (1989) and Tamura et al. (1999) a section of an island arc.
In this study, we report new data, which show that the constituents of the 8 pillowed basalts are close-packed and poor vesicular structure. Both field and microscopic observations suggests that they are similar to those of Zone I. The basaltic-andesitic hyaloclastites, which constitute the uppermost part of the Gokurakudaira Formation in this area, consist of basaltic-andesitic rubble with a fine-grained matrix. It is matrix-rich, poorly sorted, and contains no recognizable sedimentary structures. The rubble clasts in the hyaloclastites are mostly olivine-phyric andesite and minor olivine-phyric basalt and microdiorite. They are less than 50 cm in diameter, while the matrix is less than 2 mm in diameter. The olivine-phyric basalt and andesite contain idiomorphic phenocrysts of olivine (0.5-1 mm in diameter, 5-20 % in volume), and microphenocrysts of chrome spinel (Fig. 5B ). Olivine occasionally encloses the chrome spinel. The groundmass, which mainly consists of glass, idiomorphic plagioclase and granular clinopyroxene with a subordinate amount of opaque minerals, is hypocrystalline with an intersertal to intergranular texture. Some samples contain abundant vesicular material, up to 10 % in volume. Plagioclase is altered to albite, and most olivine to serpentine. Microdiorite rubble in the hyaloclastite is mainly composed of plagioclase, clinopyroxene, cummingtonite, olivine, and opaque minerals, in order of decreasing abundance. Most cummingtonite remains fresh and contains smaller idiomorphic olivine inclusions. The matrix in hyaloclastite (less than 1 mm in diameter) consists of bubble-wall-shaped glassy particles and phenocryst fragments derived from olivine-phyric lava.
The Gokurakudaira Formation is intruded by a micro-monzonite sill which mainly consist of plagioclase with subordinate clinopyroxene, potassium-felsper, opaque minerals and hornblende. The sill is unconformably overlain by a volcani-sedimentary sequence containing abundant radiolaria of Valanginian age (137-132 Ma) (Minoura et al., 1982) .
Zone III (Nae Range and Eastern Yubari Range areas)
This zone consists of the third (the Nae Range) and fourth (eastern slope of the Yubari Range) greenstone belts. The Sorachi Group in the Nae Range generally strikes N-S, is vertically inclined, and homoclines young westward. On the other hand, in the eastern slope of the Yubari Range, the Sorachi Group strikes N-S, dips 40 °E, and homoclines young eastward (Fig. 3 ).
The Gokurakudaira Formation in this zone mainly consists of pillowed basalt and minor basaltic hyaloclastite (Fig. 4) . The pillowed basalts show a close-packed structure, and resembles those of Zone I. The hyaloclastites are composed of basalt rubble and a glassy matrix. They are matrix-supported and/or clast-supported, and have no sedimentary structure. Rubble clasts in the hyaloclastites are usually less than 40 cm in diameter, with the largest reaching 70 cm. Under the microscopic, all the basalts are aphyric, and similar to those of Zones I and II.
The Gokurakudaira Formation is conformably covered by tuffaceous mudstone which is frequently intercalated with felsic tuff beds. The mudstone yields abundant radiolaria of late Tithonian age (146-144 Ma) (Kito, 1987) .
Zone IV (Western Yubari Range area)
In the Sorachi-Yezo belt, this zone occupies the westernmost exposure of the Sorachi Group, which is generally characterized by vertically inclined, occasionally overturned, homoclinal sequences that strike N-S and young westward. The Gokurakudaira Formation occurs on the western side of the Yubaridake thrust and along the backbone of the Yubari Range (Fig. 3) .
The Gokurakudaira Formation of this zone has a completely different lithology from that of the other zones. It mainly consists of a picritic pillow lava and a hyaloclastite with local intercalations of thick sediments belonging to the Hachimoriyama Tuff Member and Shinpaizawa Sandstone Member (Figs. 4, 6 ). Most pillows are closely packed as in the other zones. The hyaloclastites consist of basaltic rubble clasts less than 30 cm in diameter, and a fine-grained matrix made up of glass shards which are less than 2 mm in diameter. The pillow lavas predominate in the northern area, whereas the hyaloclastites are dominant in the southern area.
Under the microscope, the picrites contain abundant idiomorphic phenocrysts of olivine (less than 2 mm in diameter, 10-70 % in volume) and chrome spinel (less than 0.5 mm in diameter, less than 1 % in volume) (Fig. 5C ). Most olivine is altered to serpentine, some contain fresh microphenocrysts of chrome spinel. A few fresh olivine phenocrysts show kink-bands. The content of olivine phenocyrsts decreases upwards.
The groundmass is usually hypocrystalline to holocrystalline, is occasionally glassy with an intersertal to intergranular texture, and mainly consists of granular clinopyroxene (less than 0.2 mm in diameter), and idiomorphic plagioclase (less than 0.4 mm in diameter). Most clinopyroxene is granular with minor dendritic forms. The clinopyroxene is fresh, but all of the plagioclase is altered to albite ± sericite.
The Gokurakudaira Formation is covered conformably by a red mudstone containing abundant radiolarian fossils, which indicate a Berriasian age (144-137 Ma) (Takashima et al., 2001) .
Hachimoriyama Tuff Member
The Hachimoriyama Tuff Member is interbedded with the picrite. It is restricted to the southern area, it pinches out northwards (Fig. 3) , it has a thickness of up to 150 m, and is mainly composed of pale-green tuffaceous mudstone with interbedded andesitic and dacitic volcaniclastic deposits (Figs. 4, 6 ).
The pale-green tuffaceous mudstone contains abundant radiolarian fossils indicating an age from the latest Kimmeridgian to early Berriasian (153-142 Ma) (Takashima et al., 2001) . Sometimes, felsic tuff beds ranging in thickness from 10 cm to 1 m are intercalated with mudstone.
Recently, 50m-thick subaqueous pyroclastic flow deposit was confirmed in the lower part of this member (Takashima et al., 2001) . It consists of two successions in which the beds thin upwards. The lower and upper successions are 20 m and 30 m thick, respectively. Although the thickness of each bed in the basal part of each succession varies from 50 cm to 4 m, it is 5-10 cm thick in the upper part. The beds mainly consist of andesite and/or dacite fragments (less than 4 mm in diameter), pumice, crystals derived from volcanic rocks, and minor rip-up-clasts of tuffaceous mudstone. Under the microscope, the subaqueous pyroclastic flow deposits are different in the two successions. The lower one is dacitic, whereas the upper one is andesitic. The dacitic subaqueous pyroclastic deposit mainly consists of idiomorphic plagioclase, corroded quartz, and dacite fragments, admixed with subordinate amounts of idiomorphic clinopyroxene, opaque minerals, and pumice, in order of decreasing abundance (Fig.   5D ). The dacite fragments contain idiomorphic phenocrysts of plagioclase (less than 3 mm in diameter), corroded quartz (less than 2 mm in diameter), and clinopyroxene (less than 2 mm in diameter). The groundmass is glassy with a hyalopilitic texture and contains a few grains of idiomorphic plagioclase, granular quartz, and opaque minerals (less than 0.1 mm in diameter). All the plagioclase has been altered to albite ± sericite.
The andesitic deposit in the upper succession is poorly sorted, and is made of plagio-phyric andesite fragments (less than 1 cm in diameter), idiomorphic plagioclase, and clinopyroxene (both less than 4 mm in diameter), in order of decreasing abundance (Fig. 5E ). There are also subordinate amounts of pumice and opaque minerals, hornblende, and exotic fragments of dolerite and picrite. The plagio-phyric andesite fragments contain idiomorphic phenocrysts of plagioclase (0.5-4 mm in diameter, 10-20 % in volume), and minor clinopyroxene and hornblende (less than 2 mm in diameter, 5 % in volume). The phenocrysts of plagioclase are occasionally altered to albite ± sericite, and are sometimes glomeroporphyritic in texture. The groundmass is hypocrystalline to glassy, and shows an intersertal to hyalopilitic texture. It consists of idiomorphic plagioclase and granular opaque minerals. Furthermore, the uppermost part of this sequence as a whole is intercalated with some 10 or more beds of calcareous turbidite which mainly consists of calcareous fragments, admixed with subordinate ooids, plagioclase, clinopyroxene, hornblende, and andesite fragments (less than 2 mm in diameter).
The andesitic crystalline tuff beds are intercalated in the uppermost part of this member. They exhibit a thinning-bed upward succession varying in thickness from 5-30 cm, and consist of idiomorphic minerals such as plagioclase, hornblende, clinopyroxene, and opaque minerals. Locally there are common andesitic fragments.
Shinpaizawa Sandstone Member
The Shinpaizawa Sandstone Member is also restricted to the southern area, and thins and pinches out northward (Fig. 3) . It has a total thickness of more than 82 m, and conformably overlies the Hachimoriyama Tuff Member (Fig. 6 ).
The member consists of sandstone-dominant alternating beds of sandstone and 13 mudstone. The sandstone beds are of arkosic turbidite which contain two successions in which bears thicken upward. Though the thickness of each bed is 20-30 cm in the basal part of the succession, it becomes 2 m thick in the upper part. Microscopically, the sandstone is well sorted, and is a medium to coarse-grained lithic or feldspathic arenite which mainly consist of rounded quartz and plagioclase (less than 2 mm in diameter), and subordinate rock fragments, carbonaceous matter, biotite, microcline, muscovite, and zircon (Fig. 5F ). Although most quartz grains show wavy extinction, some are partly corroded and show straight extinction. The rock fragments are mainly composed of rhyolite, granite and spherulite, with rare muscovite-quartz schist and hornfels which exhibits a granoblastic texture. Takashima et al. (2001) considered that the sandstone was derived from the Asian continent from an analysis of paleocurrent directions and the composition of the sandstone.
In contrast, the mudstone is dark gray, is less than 10 cm thick and contains abundant carbonaceous matter, but no fossils.
Chemistry of the igneous rocks and minerals
In order to construct a tectonomagmatic model for this ophiolite, 53 representative volcanic rock and volcanic fragment samples were analyzed for major and trace elements. 13 of them were also analyzed for rare earth elements (REE) ( Table   1 ). These rocks have been metamorphosed in the zeolite and prehnite-pumpellyite facies with or without hydrothermal alteration, but the igneous textures are always well preserved.
Of these volcanic samples, the olivine-phyric basalt-andesite of Zone II and the picrite of Zone IV contain abundant relict chrome spinel, chemistry of which plays an important role in understanding origin and tectonic setting. In order to clarify the character of the mantle source of the Gokurakudaira Formation, chrome spinels were analyzed from five samples from the Zone II high-Mg basalt-andesite and the Zone IV picrite (Table 2) .
Analytical techniques
Major and trace elements were determined using X-ray fluorescence spectrometry (XRF) at the Faculty of Education, Fukushima University. REE data were obtained using an inductively-coupled plasma mass spectrometer (ICP-MS) at the Geological Survey of Japan. In the ICP method, 100 mg of powdered sample was dissolved twice in 5 ml of ultrapure hydrofluoric acid (HF), and 3 ml of ultrapure HNO 3 and ultrapure hydrochloric acid (HCl). The solution was diluted with 5 ml of concentrated ultra-pure nitric acid (HNO 3 ) and double-distilled Milli-Q-water to adjust the total volume to exactly 100 ml. FeO was analyzed by titration, and the H 2 O + contents were determined after ignition.
The chemical composition of the chrome spinels was determined using an electron probe micro-analyzer (EPMA) at the Department of Earth and Planetary Sciences, Kyushu University ( were calculated by assuming spinel stoichiometry after allotting all of the Ti to the ulvospinel molecule.
Results
The volcanic rock and volcanic fragments of the Gokurakudaira Formation are classified into four types based on their geochemical and petrographic features which are as follows. Type 1: MORB-like aphyric tholeiite; type 2: high-Mg basalt-andesite; type 3: depleted picrite; type 4: arc-type volcanic fragments. These terms will be used for the following geochemical discussion.
Type 1. Aphyric tholeiite
This type is represented by the aphyric tholeiite of Zones I, II and III, which has the most extensive distribution in the Gokurakudaira Formation. Aphyric tholeiites of Zones II and III have a unfractionated composition in the range from 47 to 52 % for SiO 2 and 1-2 for FeO*/MgO, whereas those of Zone I represent a more fractionated composition of up to 55 % for SiO 2 and 3 for FeO*/MgO ( Fig. 7A and B). The aphyric tholeiites are MORB-like in the discrimination diagrams of Fig. 7D and E, but show some supra-subduction zone (SSZ) signature with lower TiO 2 relative to MORB at a given value of FeO*/MgO (Fig. 7C ). In Fig. 7C , the trend of type 1 samples is closer to that of back-arc basin basalt (BABB) rather than to that of MORB. 
Type 2. High-Mg basalt-andesite
The type 2 rocks, which are olivine-phyric basalt and andesite of Zone II, demonstrate a clear calc-alkaline differentiation trend, and is distinct from the other volcanic rocks of the Gokurakudaira Formation (Fig. 7A ). They are very primitive (FeO*/MgO < 1 ), and have a highly depleted chemical composition that has many of the characteristics of high-Mg andesites. Their SiO 2 contents are as high as 56 %, but they also have high MgO (11-18 %), Ni (242-700 ppm), Cr (435-1605 ppm), and CaO/Al 2 O 3 ratios (0.89-2.01). These features are similar to that of a high-Ca boninite (Crawford et al. 1989 ). However, the absence of orthopyroxene, the high TiO 2 (0.4-1.2 %) value in whole rock, and the low Cr# (Cr/(Cr + Al) = 0.4-0.64) in chrome spinel are not consistent with boninite.
As shown by the discrimination and spider diagrams in Figs. 7E and 8B, they are highly depleted both in terms of LILE and high field strength elements (HFSE) relative to N-MORB. The composition of the chrome spinels plot in the island arc field (Fig. 9 ).
Type 3. Picrite
This type is represented by the picrites of Zone IV which are very primitive, because FeO*/MgO is < 1.5, and because they show a depleted composition like type 2 rocks. However, the picrites are distinctive in having a lower SiO 2 content (42-50 %) and a higher Al 2 O 3 content (up to 14.5 %) than the type 2 rocks. Notable are the very high MgO (up to 30.3 %), Ni (up to 1648 ppm) and Cr (up to 3443 ppm) contents.
There is a general trend of upward increasing SiO 2 and decreasing MgO contents; that is, samples of the lowermost horizon of the Gokurakudaira Formation reach up to 31.8 % MgO and 42 % SiO 2 , whereas those of the uppermost part have 7-12 % MgO and 47-50 % SiO 2 (Fig. 7A ). This trend is consistent with the petrographic evidence that olivine phenocrysts decrease upward.
The N-MORB-normalized incompatible trace element abundance patterns show that they are highly depleted both in terms of LILE and HFSE relative to N-MORB ( 
Discussion

Tectonic setting of the Horokanai Ophiolite
As mentioned above, there are three published tectonic models for the origin of the Horokanai Ophiolite: (i) a mid-oceanic ridge (Ishizuka, 1980 (Ishizuka, , 1981 Kiminami, 1986; Niida, 1992; Niida and Kito, 1986) ; (ii) an oceanic plateau (Kimura et al., 1994) ; and (iii) an oceanic island arc (Maruyama et al., 1989; Tamura et al., 1999) . The first two hypotheses are based mainly on the geological and geochemical evidence of the Gokurakudaira Formation, whereas the last is based on mineral chemistry of the peridotite and analysis of the metamorphic facies.
Ishizuka (1980, 1981) described the lithology and petrology of the Horokanai Ophiolite in detail, and concluded it was derived from a mid-oceanic ridge for the following four reasons: 1) the greenstone unit of the ophiolite is overlain by chert; 2) no terrigenous deposits are intercalated with the greenstone unit and overlying sediments;
3) the whole rock chemistry of the greenstones has a close affinity with MORB; and 4) the chemical composition of chrome spinel in the greenstones also resembles that of MORB. Based on these facts, Niida and Kito (1986) and Kiminami et al. (1986) proposed a tectonic model in which the ophiolite was trapped behind a trench of a hypothetical westward-dipping subduction zone generated on the Jurassic seafloor off the Asian continental margin. In contrast, Kimura et al. (1994) presumed the Gokurakudaira Formation belongs to the same accreted exotic block as the greenstone blocks of the Kamuikotan Metamorphic Belt, because of their identical greenstone age and together then belong to an oceanic plateau. Although the greenstones of the Gokurakudaira Formation were thought to have been generated from a depleted mantle source (Niida, 1992) , enriched plume source components were found in the greenstones of the Kamuikotan Metamorphic Belt. The coexistence of these two sources enables both to have an input into the plume source melt into the depleted oceanic lithosphere, and this explained why the plateau formed at a low-latitude in central Panthalassa during the Tithonian (151-144 Ma), and resulted in accretion along the northern Asian continental margin in the Aptian (121-112 Ma). In contrast, Maruyama et al. (1989) concluded that it was a marginal sea or fore-arc ophiolite because of the presence of prenite-pumpellyite facies which is generally not found in mid-oceanic ridges. Arai (1995) and Tamura et al. (1999) also suggested it might be a fore-arc ophiolite, because the Cr# range of the chrome spinel and forsterite contents of the olivine in the peridotite were much higher than those of MORB, and close to those of fore-arc peridotites.
The Gokurakudaira Formation has been recognized as the only unfractionated type-1-aphyric tholeiite covered by abyssal sediments (Ishizuka, 1980 (Ishizuka, , 1981 Niida, 1992) . Hence, the tectonic models, proposed above, were interpreted only from the viewpoint of the geological and geochemical characteristics of the type 1 tholeiite.
However, we have identified two new types of volcanic rock, i.e., picrite and high-Mg basalt-andesite, as well as intercalations of thick sedimentary sequences (Hachimoriyama Tuff and Shinpaizawa Sandstone Members) in the Gokurakudaira Formation. Therefore, a model for the tectonic setting and evolution of the ophiolite must account for the fundamental stratigraphic and petrological characteristics of the sequence, including: (1) development of (MORB-like) BABB-type lavas; (2) Since the high-Mg andesite of Zone II was more or less affected by alteration, having a high Na2O/K2O ratio (46-103), there is a possibility that the high-silica content of type 2 rocks results from alteration. However, if one assumes that type 2 rocks did not suffer a much mobility in SiO 2 , the occurrence of the type 2 rocks provides strong tectonic and petrological constraints on magma genesis. Many experimental results show that high-Mg andesitic melts may be formed by direct partial melting of the upper mantle under hydrous and low-pressure conditions (Tatsumi, 1981 (Tatsumi, , 1982 Tatsumi and Maruyama, 1989) . From a geological viewpoint, Tatsumi and Maruyama (1989) Zone IV mainly consists of picrite, and is characteristically filled with thick turbiditic deposits derived from both the arc and the Asian continent to the west. These thick interstratified terrigenous and volcaniclastic turbiditic successions commonly occur in the fore-arc, intra-arc, or back-arc regions near a continent (e.g., the Okinawa Trough and the Coast Range Ophiolite). Furthermore, the olivine phenocrysts of the picrites show kink-bands, which suggest that they are xenocrysts derived from peridotites. According to Niida and Kito (1999) , the chemical compositions of the olivine and chrome spinel (Fo = 90.4-93.9 mol %; Cr# = 57-64.4) in the type 3 picrites are within the range of those in the harzburgite of the Horokanai ophiolitic peridotite, which accordingly were considered to be fore-arc in origin (Tamura et al., 1999) .
The oceanic plateau and mid-oceanic ridge models cannot account for the above-mentioned factors. Instead, the island arc model can explain these factors well.
Although the greenstones of the Kamuikotan Metamorphic Belt and the Gokurakudaira Formation were formed at the same time, they are quite different in lithology, especially because the Gokurakudaira Formation of Zone IV contains terrigenous sediments. As the blocks in the Kamuikotan Belt consist of chert, basalt, and limestone without terrigenous materials, the lithology of the Gokurakudaira Formation does not support the assumption of Kimura et al. (1994) that the greenstones of the Kamuikotan Metamorphic Belt and the Gokurakudaira Formation have the same origin. Therefore, the possibility that the greenstone blocks of the Kamuikotan Metamorphic Belt are derived from an oceanic plateau is still possible, but it should be discussed separately.
The lithological variation across the arc in the Gokurakudaira Formation shows that the arc-derived sedimentary rocks were deposited only in a back-arc area, regardless of the development of BABB-type lava most of over this region. In this case, the Gokurakudaira Formation can be best explained by the fore-arc model of the Lau Basin, where rifting and seafloor spreading were induced along the fore-arc region. The application of this model is also supported by the fact that the peridotite of this ophiolite resembles those of fore-arc regions. Therefore, in the same way as the Lau Basin, in the first stage of development of the Gokurakudaira Formation, rifting and seafloor spreading took place in a fore-arc area. Then, in the next stage of seafloor opening, high-Mg andesite magma was generated, and a remnant arc became inactive as the arc front migrated eastwards.
Tectonomagmatic evolution in Hokkaido during the Late Jurassic to early Cretaceous
Here we present a tectonomagmatic model that satisfies the petrological and stratigraphical constraints from the Gokurakudaira Formation. The evolution of the ophiolite is divisible into the following three stages: 1) rifting along the fore-arc; 2) seafloor spreading; and 3) post-spreading (Fig. 10) . Hence, we infer that the zone IV picrite had erupted from a spreading center at an initial stage of rifting in the wake of the influx of MORB-like mantle.
Stage 2 (Tithonian: 151-144 Ma)
The second stage of seafloor spreading was predictably followed by rifting, and type 1 tholeiite erupted widely in the Sorachi-Yezo Belt. Seafloor spreading was initiated in the Tithonian, because most type 1 tholeiites in Hokkaido are covered by Tithonian deep sea sediments (e.g., Kito et al., 1986) . The crust, formed earlier in the opening process, is characterized by the coexistence of arc-like enriched lava and MORB-like depleted lava, as seen in Zone I, but it reached a MORB-like uniform composition as the opening progressed. It is possible that the earliest eruption effectively stripped out the incompatible elements, and the large volume of melt subsequently may have come largely from a more depleted, MORB-like mantle source.
The remnant arc, which had been left behind by the rift basin, became inactive as the sea floor developed, and the trench migrated eastward, characterized by intermediate to felsic volcanism. The presence of ooids in the volcaniclastic sandstones indicates that the remnant arc was subject to localized shoaling at least by the Tithonian. Nakanishi et al. (1992) showed that a drastic change in spreading rate occurred in all the Mesozoic Pacific spreading systems. They suggested that the reorganization of the plate configuration in the Pacific Ocean occurred at the same time as changes in continental rifting in other parts of the world. Our data of the latest Jurassic rifting along the Asian continent supports their suggestion.
Stage 3 (early Berriasian: 144-142 Ma)
After the spreading phase, the high-Mg basalt-andesite erupted onto the newly formed BABB crust. As pointed out by Tatsumi and Maruyama (1989) , the eruption of high-Mg andesite after a back-arc opening is a common characteristic of arc evolution, and the same situation can be seen in the Izu-Bonin arc and the Ryukyu arc (e.g. Shinjo, 1999). Moreover, a large volume of terrigenous turbidites derived from the Asian continent was deposited in the back-arc. Rapid subsidence of the remnant arc may have admitted an influx of terrigenous turbidites into the rifted basin. This is similar to the Ryukyu arc with regard to the presence of a continent behind an arc.
After Stage 3, a new arc was constructed on the basaltic basement, which is represented by the upper Sorachi Group.
Conclusions
A north-south trending Late Jurassic greenstone belt named the Gokurakudaira
Formation constitutes the uppermost unit of the Horokanai Ophiolite, and is divided into four zones from east (Zone I) to west (Zone IV) on the basis of lithofacies and areal distribution.
2. Zones I and III are composed of aphyric tholeiite, whereas Zone II is characterized by the occurrence of high-Mg basalt-andesite above aphyric tholeiite. Zone IV consists of picrite locally intercalated with thick sedimentary sequences of andesitic-dacitic volcaniclastic and terrigenous deposits. The volcaniclastic sequence is named the Hachimoriyama Tuff Member, and the terrigenous sequence the Shinpaizawa Sandstone Member.
3. The aphyric tholeiite is close to BABB, having a SSZ signature, especially for the more fractionated samples. The high-Mg basalt-andesite, which resembles a high-Ca boninite, is highly depleted in terms of LILE and HFSE, relative to MORB. The picrite is also highly depleted in LILE and HFSE. The volcanic fragments of the Hachimoriyama Tuff Member clearly have a SSZ signature, showing LILE enrichment, and depletion in HFSE, especially in Nb and Ta, relative to N-MORB.
Our newly identified lithological and stratigraphical variations in the Gokurakudaira
Formation are close to those of the Lau Basin and Ryukyu arc, which suggests that the tectonic setting of the Horokanai Ophiolite was on a west-dipping SSZ on the margin of the Asian continent.
5. In the late Kimmeridgian, the initial rifting with the eruption of picrite of Zone IV occurred along the fore-arc region located off the eastern margin of the Asian continent, with the old arc left behind this rift basin. Seafloor spreading followed the rifting, and caused the development of BABB-type lava. After the spreading, high-Mg basalt-andesite erupted onto the BABB crust. (Fig. 3) , the bold solid lines represent the boundaries of the tectonostratigraphic terranes, and the broken line marks the sub-terrane boundary within the Sorachi-Yezo terrane. 00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
